Introduction
One consequence of severe injury to the long tracts of the spinal cord is the loss of voluntary control over lower limb movement, including the ability to walk. Yet, neuronal networks within the human lumbar spinal cord involved in processing of sensory feedback signals and generation of locomotion can remain largely intact caudal to such injury [1] . Independent studies have shown that these networks can be activated to generate rhythmic motor outputs to the paralyzed lower limbs by two different types of inputs: (i) by patterned sensory feedback from the lower limbs produced by the mechanical events during passive stepping movements on a treadmill [2] , and (ii) by a non-patterned sustained drive provided by continuous electrical spinal cord stimulation (SCS) [3] . Little is known about the interaction of step-related sensory feedback and multi-segmental tonic neural drive at the lumbar spinal level in the generation of locomotion in humans. First studies combining manually assisted treadmill-stepping with epidural lumbar SCS in a few spinal cord injured (SCI) subjects have shown that the lumbar spinal cord can integrate the two different types of inputs to generate rhythmic activities that were not produced by either type of stimulation alone [4, 5, 6] .
Here, we present our current studies that explore the roles of sustained inputs and step-related sensory feedback to the human lumbosacral spinal cord in the generation of rhythmic motor patterns. We applied epidural or transcutaneous lumbar SCS in motor-complete SCI individuals in the supine position (preventing hip extension and axial limb load that are otherwise critical for rhythm generation), in a supported standing positions with the lower limbs being 'mechanically immobilized' (preventing movements at hip and knee), and during assisted and body-weight supported (BWS) treadmill stepping. Based on their characteristically different signal profiles, the hypothesis was that the non-patterned and patterned inputs to the spinal cord neural networks would reveal different mechanisms of rhythm generation.
Methods
Epidural SCS in the supine position and during assisted treadmill stepping: EMG data of 7 motorcomplete SCI subjects were studied who had been previously implanted with epidural electrodes over the lumbar spinal cord for the control of lower limb spasticity [7] . 10-second segments of stable rhythmical activities generated by tonic stimulation (2-42 Hz) present in quadriceps (Q), hamstrings (Ham), tibialis anterior (TA), and triceps surae (TS) of one limb were extracted by a semiautomatic algorithm for further analysis. Two subjects were tested during passive treadmill stepping without and with 30-Hz epidural lumbar SCS. Treadmill belt speed was 0.8 km/h, 60% BWS was provided, and stepping movements were manually imposed by 2 therapists. Transcutaneous SCS in the supported standing position and during assisted treadmill stepping: In 4 motor-complete SCI subjects, transcutaneous SCS was combined with a robotic-driven gait orthosis (DGO). Transcutaneous SCS was applied as described in [8] , but here in a continuous mode at a frequency of 30-Hz and an intensity producing EMG responses in Q, Ham, TA, and TS bilaterally in a supported standing position. The DGO was used to support a standing position of the subjects, as well as to impose stepping-movements at speeds of 1.8 km/h and 2.5 km/h. BWS was set to 60%. The studies were approved by the Ethics Committee of the City of Vienna, Austria, and the institutional human use committee at the Shepherd Center, Atlanta, GA, USA.
Results
Epidural SCS in the supine position: Four to nine examples of 10 seconds-EMG segments of stable rhythmic activity expressed in all studied muscle groups of one limb were identified in each subject. The effective stimulation frequency to generate rhythmic activities was 29.5 ± 4.85 Hz, with a range of 22.5 Hz -42 Hz (the latter being the highest frequencies considered). Stable EMG patterns ranged from locomotor-like, with reciprocal relation between antagonists, to patterns of co-activation between all muscle groups. Regarding rhythmicity, within each given EMG segment, the activities of all studied muscles had the same, common rhythm cycle frequency (0.71 ± 0.41 Hz; min=0.27 Hz, max=1.84 Hz).
Epidural SCS during manually assisted treadmill stepping: Assisted passive stepping movements without epidural SCS generated low-amplitude, gait-phase synchronized EMG activity in some muscles. The most responsive muscle groups were Ham, activated during the hip-flexion and concomitant knee-extension segment of the swing phases, and TS activated during the late flexion phases and throughout the stance phases. Each muscle responded with a single activation per step cycle -the rhythm frequency of all EMG activities was equal to the manually imposed step frequency. Application of SCS immediately augmented the EMG activities as generated by passive stepping alone, as well as activated muscles that did not respond otherwise. Both, EMG activities with a rhythm equal to the step frequency, as well as ones with an independent rhythm frequency were observed. Different lower limb muscles could be rhythmically active with either of these two frequencies during the same recording segment. One example was the generation of rhythmic activities occurring in-phase in bilateral TA with a rhythm frequency of 0.38 Hz during epidural SCS while step frequency was 0.18 Hz.
Transcutaneous SCS during supported standing:
Rhythmic EMG activities could be generated in the paralyzed lower limb muscles by continuous 30-Hz transcutaneous SCS in the absence of step-related sensory feedback. Examples were found in 6 of 32 cases (4 subjects tested x 8 muscles) in Q, Ham, and TA. One example was the generation of rhythmic activities occurring in-phase in the bilateral Hams with a rhythm frequency 0.41 Hz.
Transcutaneous SCS during manually assisted treadmill stepping: EMG activities as produced by imposed stepping motions alone could be augmented or suppressed when transcutaneous SCS was supplied, and rhythmic activity could be generated in muscles that were not active in the SCS-off condition. These various modifications could be all found concomitantly in the muscles of a single subject. In most cases, the rhythm cycle frequency of the generated activities was equal to the step-cycle frequency given by the DGO. Yet, similarly as with epidural SCS, there were examples with independent rhythm cycle frequencies, e.g. unilateral synchronous rhythmic activities of Q and TA with a rhythm frequency of 0.38 Hz were found in one subject, that did not synchronize to the step frequency of 0.56 Hz.
Discussion
There are several theories for the generation of patterned EMG activity in paralyzed lower limbs in response to step-related patterned sensory input to the human spinal cord during passive treadmill stepping [9] . Suggested mechanisms range from cyclically entrained stretch reflexes generated by the imposed movements [10] to the direct activation of human spinal cord pattern generators for locomotion by the sensory feedback input [11] . Our data suggest that the observed rhythmic muscle activities during passive stepping alone are directly related to mechanical events rhythmically occurring at specific times of the gait cycle. We propose that inhibitory and excitatory spinal reflex pathways to the motoneurons re-act in a time-dependent way to the sequential activation of afferents of multiple sensory modalities, including afferents signalling muscle-tendon stretch, velocity of muscletendon stretch and extensor-load during the step cycle. The rhythm frequencies are given by rhythmic reflex actions rather than by central spinal generation. Both, epidural SCS applied in the supine position, as well as transcutaneous SCS in a supported standing position, could produce rhythmic activities in the paralyzed lower limb muscles. While the influence of some rhythmic proprioceptive feedback cannot be ruled out, the rhythmic muscle activities were generated without step-related sensory information critical for rhythm-generation. The constant phase relation of the rhythmic activities produced in one limb suggests rhythm generation by a common source. The spinal neural networks that were activated by the rather unspecific neural drive with a predominantly tonic signal profile to produce rhythmic efferent activity can be viewed as a central spinal rhythm generator [12] . Essentially, there were two temporarily stable types of rhythmic muscle activities generated by the combined application of SCS and externally guided stepping, one with a rhythm frequency equal to the imposed step frequency observed in the majority of cases and another oscillating with an independent frequency. This finding suggests two different causes of rhythm generation. In cases where both rhythms were observed in different muscles of the lower limb, neural circuits of the lumbar spinal cord must have been active rhythmically with different frequencies, one given by the central spinal rhythm generator and the other imposed by the rhythmic mechanical events related to stepping. One could speculate that a relatively autonomous rhythm generating network that is 'coupled' but not 'hard wired' to the periphery would be essential in the neural control of locomotion to achieve a target rhythm frequency planned and set by supraspinal neural structures. Through coupling of separate mechanisms of rhythm generation, one centrally generated and causative, the second imposed by peripheral conditions and regulative, the different rhythms would tend to synchronize and ensure effective locomotor behaviour.
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